In a trial over three successive seasons, the yields of winter barley crops were mapped on a 6 ha field, the soils of which had been mapped according to a system of simple units corresponding to soil series as defined by the Soil Survey of England and Wales. Significant yield variation was explained by differences between soil map units, and the interaction with differences between seasons. The physical properties of the soil series and the potential soil moisture deficits in the three seasons suggested that moisture differences between the soils accounted for much of the observed differences in yield. The implications of these results for crop management in response to within-field variability are discussed.
INTRODUCTION
It is well known that the yield of arable crops can vary spatially, even under nominally uniform applications of inputs (Mercer & Hall 1911) . Where this variation represents inherent variation of the field as an environment for the crop, inputs could be used more efficiently by spatially variable application in response to the variation. This means that we need to know which factors cause the variations in yield.
Soil variation is probably one of the major determinants of yield variation, because soil factors, physical and chemical, influence crop establishment and growth. There have been attempts to explain yield variation by multiple regressions on measured or derived soil properties (Finke & Goense 1993) and by mechanistic models of the soil\crop system describing processes such as nitrogen transformations and water movement (e.g. Verhagen et al. 1995) . In this paper, we consider the potential of soil classification and mapping as a framework for explaining yield variations. Soil classification has long been established as a useful method for predicting soil behaviour (Butler 1980) , and soil maps based on classifications allow such generalizations and predictions to be extended spatially. Soil classification has also been used to account for variation in the yield of arable crops by, for example, Webster et al. (1977) , Allgood & Gray (1978) , Costigan & McBurney (1983) and Ogunkunle & Beckett (1988) , although all of these authors investigated variability in areas larger than a single field. Bregt & Beemster (1989) were able to use information about soil classes (representative profiles) to simulate water deficits and so to predict the effects of hydrological changes on grass yield within different soil map units.
The objective of this study was to show how much of the spatial variability of crop yield within a field was associated with differences between soil map units. Additional analyses were used to explain the differences in yield between two contrasting map units within the field over three seasons (1992\93-1994\95) . Weather data and soil information were used to identify when potential soil moisture deficit would have been limiting on each of the two map units.
MATERIALS AND METHODS

The experimental site
Cashmore field is a 6 ha field at Silsoe Research Institute, Bedfordshire, UK. The most striking features of its topography are a slope of southerly aspect in the southern part of the field and the almost flat northern part (Fig. 1) . Augering in the field suggested that the Gault Clay (Cretaceous) in the southern part is down faulted against the Lower Greensand (Cretaceous sands) to the north (Stafford et al. 1996) . The contrasting solid formations in Cashmore field are overlaid in parts by drift of variable depth and composition. Boulder clayglacial drift derived from Jurassic and Gault claysis an important local superficial deposit and a small patch occurs near the north-west corner of the field. It is calcareous and also contains some siliceous stones (flints) and locally it is also sandy in texture due to the influence of the Lower Greensand (King 1969) . There are also alluvial deposits in the south of the field, varying from fine loam in texture to clay, with some peat deposits, and the fault zone is overlain by mixed gelifluction deposits.
Soil information
Soil information was collected in three phases. The first phase produced a soil map of the field. The second produced data on soil properties from a systematic grid sample. The third phase provided information on the particle size distribution within each unit of the soil map. 
Phase 1 : Soil survey
Observations of the soil were made by hand augering at 75 sites at 20 m intervals along six transects, three running north-south and three east-west (Stafford et al. 1996) . Samples were taken at each site from two depths (0-20 and 40-70 cm) for particle size analysis (using sieving and a hydrometer method described by Hughes (1962) ). From these observations each site was then allocated to a soil series defined by the Soil Survey of England and Wales (Clayden & Hollis 1984) . Seven soil series were identified in all (Table 1) . The soil textures given in Table 1 were obtained from the particle size analyses of bulked soil samples collected in Phase 3. Soil boundaries were then interpolated manually (Fig. 2 ).
Phase 2 : Soil sampling and analysis Soil samples were collected from a grid of 100 sites across Cashmore field in March 1995, at depths of 0-20 and 20-80 cm. They were analysed for gravimetric moisture content, organic matter (WalkleyBlack digestion, as described by Hesse (1971)), soil mineral nitrogen and pH. These samples were used to estimate mean values of the soil properties within each map unit.
Phase 3 : Further soil sampling In February 1996 a further 100 sites were sampled on the field. Bulked samples were produced for each map unit by amalgamating equal amounts of material from each sample site within the map unit. This was done for depth intervals of 0-20 and 20-100 cm. In addition, eight samples were collected (depths 0-20 and 20-100 cm) within the Evesham map unit and analysed as before for organic matter content. This information was required because of the poor representation of the map unit in the phase 2 sampling. Organic matter content was needed for calculating soil water retention. The significance of the differences between the soil map units with respect to the soil properties determined at the 100 sample sites was tested by one-way analyses of variance.
Weather data Data collection and calculation of potential soil moisture deficits
Daily rainfall, temperature, wind run (mean wind speed over the day expressed in units of distance per 24-h period) and evaporation data (USWB Class A pan, as described by Withers & Vipond (1974) ) were available from a weather station located c. 500 m from the centre of Cashmore field for the period 1992-95. Pan and crop coefficients taken from Doorenbos & Pruitt (1984) were used to estimate the daily potential evapotranspiration for the crop (PE c ) from these data. The potential soil moisture deficit (PSMD) was then estimated on a daily basis from the difference between the daily rainfall and PE c values, assuming that the soil was at field capacity on French & Legg (1979) suggest that for (spring) barley, the ratio D L : Av (0-150 cm) is c. 0n4. This threshold value was the best information available to us on critical soil moisture deficits for barley, although differences between spring and winter barley in the timing and extent of root development may mean that it is not precisely applicable to our example.
To identify when soil moisture deficits were critical for two of the soil series on Cashmore field (Lowlands and Evesham), we used their mean particle size distributions over two depths (0-20 and 20-100 cm) from phase 3 of the soil investigation and their mean organic matter contents (0-20 and 20-80 cm) (from phase 2 of the soil sampling for the Lowlands series, and from phase 3 for the Evesham series). Bulk density was not measured on samples from Cashmore field, but measurements were available from soils of the Evesham and Lowlands series formed on the same parent material in adjacent fields at Silsoe Research Institute. These variables were used to predict available water (Av) and volumetric water contents (θ) at different tensions using the pedotransfer functions presented by Hall et al. (1977) . It was assumed that the mean value of any soil property for the 20-80 cm depth can be used for the whole layer 20-150 cm. Estimates of Av were then obtained for the whole profile to 150 cm by combining the separate estimates for 0-20 and 20-150 cm.
Since bulk density measurements were available only for these two map units, Av (0-150 cm) could not be calculated for any of the others. However, the Lowlands and Evesham series are the most sandand clay-rich, respectively, of the soils within Cashmore field, so the comparison between them is of particular interest.
The ratio of PSMD : Av (0-150 cm) was calculated on a daily basis for both soil series in each of the three seasons. If this ratio exceeded 0n4 before ear emergence on either of these map units, then a limiting effect of PSMD on barley yield was assumed.
Yield mapping
Data on yield for Cashmore field were collected for three crops of winter barley (harvested in 1993, 1994 and 1995) produced with conventional management, although different inputs, appropriate to seasonal weather and different varieties sown, were used in each season. Drilling dates and cultivars for the three years were 13.10.92 cv. Fighter, 17.10.93 cv. Firefly and 7.10.94 cv. Fighter respectively). The data were obtained using a yield mapping combine harvester, the details of which were described by Stafford et al. (1996) . The system gives yield values corresponding to areas of 10i4 m with known co-ordinates. Yield maps for the three harvests were overlaid and yield values for each season were extracted for 695 of the 40 m# areas, distributed randomly across the field. This sample corresponded to almost half of the total area of the field. The soil map unit to which each of these areas corresponded was then identified from the soil map. Mean crop yields could therefore be estimated for each map unit in each season.
RESULTS
Soil information
With the exception of soil mineral nitrogen (20-80 cm), the map units differed significantly with respect to all properties (Table 2) . Soil moisture content differed between the map units at both depths (P 0n001), with lower values in the map units over Lower Greensand than those over Gault Clay, boulder clay and alluvium. There were also significant differences in organic matter at both depths (P 0n001), and the variation in topsoil organic matter probably accounts for the significant differences in soil mineral nitrogen at 0-20 cm (P l 0n003). Soil pH differed significantly between the map units (P l 0n003 for 0-20 cm and P l 0n025 for 20-80 cm), but none of the map unit means lies outside the optimum pH range for barley (6-6n8 according to Simpson (1983) ).
Weather and soil moisture
Although PSMD in March was greater in 1993 than in 1994 and 1995, there was greater rainfall in April and May in 1993 than in the other two years, with the result that maximum PSMD values were less in 1993 than in 1994 and 1995 (Fig. 3) . During 1993 the ratio PSMD : Av (0-150 cm) exceeded 0n4 only for a few days late in the season on the Lowlands map unit (Fig. 4) . During 1994 the ratio exceeded 0n4 on both map units but only from mid-June, late in the crop's development. Limiting effects of PSMD on yield were 
Grain yield
The mean grain yields for the whole field were least in 1993 and largest in 1995 (Table 3 ). The differences among the means for individual soil series were also smallest in 1993 and largest in 1995. The mean yields for map units over the Lower Greensand were greater than those over other parent materials in 1993 and 1994, but less in 1995 (Table 3) .
These data were analysed statistically in two ways. In both the soil map units were treated as main plots with the three seasons as subplots. In the first test the overall difference among soil map units was tested (6 ..) and the difference between seasons and the season by map unit interaction was tested in the subplot stratum. All these effects were significant (P 0n001). In the second test a planned contrast was considered, partitioning the soil map unit effect into (a) the contrast between the map units over the Lower Greensand and those over other parent material (1 ..) and (b) the differences between map units within these two parent materials (5 ..). The corresponding interactions of season with these two components of the differences among map units were also tested. All these effects were significant (P 0n001) indicating that, although the contrast between the lighter textured soils (over the Lower Greensand) and those derived from materials with a large clay Lowlands  275  3n9  0n04  5n3  0n04  5n6  0n08  Hallsworth  32  3n5  0n18  4n8  0n20  5n1  0n30  Nercwys  79  3n9  0n09  5n6  0n05  5n4  0n12  Evesham  71  3n5  0n08  4n5  0n13  7n4  0n21  Bardsey  130  3n7  0n07  5n3  0n09  7n9  0n10  Enborne  79  3n5  0n10  4n3  0n14  7n9  0n14  Fladbury  29  3n7  0n11  3n3  0n19  6n9  0n18   Parent  Lower Greensand  386  3n8  0n04  5n3  0n04  5n6  0n07  materials  Other  309  3n6  0n04  4n7  0n07  7n7  0n08 content accounts for much of the yield variation within the field, differences between map units over each of the two main parent materials are also significant.
DISCUSSION AND CONCLUSIONS
There were large differences in weather between the three years of this experiment, with the potential to modify crop performance. In 1993 PSMDs never became very large, in 1994 they became substantial in the latter part of the season, and in 1995 they built up gradually from early in the season. Penman (1970 Penman ( , 1971 suggested that the period of crop development when barley is sensitive to moisture deficits is up to ear emergence, although Day et al. (1978) suggested that water stress at all stages of development can limit yield. No information is available on growth stages for Cashmore field in 1993 and 1994. Although records for 1995 are infrequent, they indicate that ear emergence occurred some time between days 60 and 75 after 1 March (indicated by the vertical dashed lines on Fig. 4) .
Assuming that crop development followed a broadly similar pattern in all three years, it was only in 1995 that potential soil moisture deficit approached limiting levels (40 % of Av in top 150 cm) for either soil series before or around ear emergence. In 1993, deficits were very small ; indeed there was a short period of zero deficit following heavy rains in late June 1993. As French & Legg (1979) observed depression of barley yield resulting from irrigation after ear emergence, it is possible that excess water may have limited yield in this year. In 1994 potential soil moisture deficits approached limiting levels only late in the season ; this was after the period of sensitivity to deficits according to Penman (1971) , but in the period when Day et al. (1978) suggested that soil moisture deficits can affect the translocation of assimilate to the grains. In summary, soil moisture deficit may have limited yield in 1995 but was of lesser significance in 1994. Since the estimated value of the available water (0-150 cm) is greater for the Evesham map unit (258 mm) in the Lowlands (190 mm), the limiting effect of soil moisture deficit would probably have been more severe in the latter map unit. In 1993 any limiting effect of soil moisture on yield was probably one of excess.
Are these results of analyses of weather data and soil information, supported by the actual crop yields ? Because of variety differences it is the relative performance of the crop over the two map units in the different seasons which is of interest. The Evesham map unit gave a greater yield than the Lowlands series in 1995 only, when a limiting effect of PSMD was probably most severe on the Lowlands map unit with its smaller available water capacity. In the two previous years the mean yield was greater on the Lowlands series. The observed differences in yield between these two map units in the three seasons are therefore consistent with the differences between the available water capacity of the two soil map units and the differences in seasonal weather.
Differences between soil map units account statistically for much of the within-field variation in yield, and interact with differences between seasons. Much of this variation could be attributed to the contrast between parent materials (Lower Greensand and others) but there were also significant differences in yield among map units over individual parent materials, suggesting that there are more subtle factors involved than the obvious contrast between ' light ' and ' heavy ' soils in this field. For example, only the Bardsey map unit performed at or above average in all three years. It comprises loamy drift over Gault Clay, and may be well ' buffered ' against most seasonal differences in weather. The topsoil is better drained than a clay soil (Evesham, Enborne and Fladbury map units), giving good conditions for crop establishment, even in a wet season, and the subsoil has larger reserves of soil moisture during a dry summer than the sandy loam of the Lowlands, Hallsworth and Nercwys map units.
As much of the yield variation in Cashmore field is associated with differences between soil map units, the information in a soil map may be of use for management responses to within-field variation. It is generally accepted that free survey based on a soil classification is appropriate as a general tool for organizing soil information at certain scales. Published soil maps, based on free survey, are typically produced at a scale between 1 : 25 000 and 1 : 50 000.
At such scales most fields, at least in the UK, would contain no more than one or possibly two map units. Except for very large fields, free survey is unlikely to be appropriate for mapping at within-field scales, such as 1 : 5 000. Instead, at this scale the soil classes should be identified at sites on a sampling grid using standard criteria (e.g. Clayden & Hollis 1984) , perhaps at the same time as samples are collected for analysis. These point observations could then be generalized to a map of classes by indicator kriging (Bierkens & Burrough 1993) or by manual interpretation by the surveyor using some of the surface features used in free survey.
How might soil classification and mapping be used in the study and management of within-field variation ? Two possibilities are considered below.
Interpreting past experience of variable performance in the field, as a basis for future management If differences between map units account for a significant proportion of yield variation, then the soil map might provide a basis for management based on past yield performance. For example, if one map unit consistently gives high yields then it might justify regular higher rates of certain inputs. If consistently low yields occur in another map unit then this might be investigated at sites within the map unit, and remedial action identified.
The results for Cashmore field described above are encouraging in so far as much of the yield variation was related to the differences between soil classes. However, the significant interaction with season suggests that it would be difficult to predict performance every year at the stage in crop development when decisions on inputs must be made. Nonetheless, information on the consistency of yield differences could be useful. For example, although yields can be high on the Lowlands map unit in wetter summers they can also be limited by soil moisture deficit in dry summers. Applying high rates of inputs to this map unit would be a riskier strategy than applying high rates to the Bardsey map unit which seems to be well ' buffered ' against seasonal differences in weather.
Generalizing from sampling The significant differences between map units in mean yields and mean values of potentially important soil properties on Cashmore field suggest that it is possible to make generalizations which might be useful for explaining spatial variations in crop performance on similar soils elsewhere. Decisions on spatially variable inputs might also be aided by such information. For example, the significant pH differences between map units suggest that lime should be applied at different rates, and the significant differences in soil organic matter content may have implications for the efficacy of certain pre-emergence herbicides. Further sampling of the field for these or related properties may be conducted more efficiently by sampling within the map units. Often it is possible substantially to reduce the costs of soil analysis by taking a few bulked samples from each map unit.
To conclude, it is clear that in this instance important variabilities within the field pertinent to crop performance were related to differences between soil map units. Some form of soil map may therefore provide a useful framework for interpreting patterns of yield variation, for sampling the soil to study
